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The vast majority of invasive cervical carcinomas har-
bor additional copies of the chromosome arm 3q,
resulting in genomic amplification of the human te-
lomerase gene TERC. Here, we evaluated TERC ampli-
fication in routinely collected liquid based cytology
(LBC) samples with histologically confirmed diag-
noses. A set of 78 LBC samples from a Swedish patient
cohort were analyzed with a four-color fluorescence
in situ hybridization probe panel that included TERC.
Clinical follow-up included additional histological
evaluation and Pap smears. Human papillomavirus
status was available for all cases. The correlation of
cytology, TERC amplification, human papillomavirus
typing, and histological diagnosis showed that infec-
tion with high-risk human papillomavirus was de-
tected in 64% of the LBC samples with normal his-
topathology, in 65% of the cervical intraepithelial
neoplasia (CIN)1, 95% of the CIN2, 96% of the CIN3
lesions, and all carcinomas. Seven percent of the
lesions with normal histopathology were positive
for TERC amplification, 24% of the CIN1, 64% of the

CIN2, 91% of the CIN3 lesions, and 100% of invasive
carcinomas. This demonstrates that detection of
genomic amplification of TERC in LBC samples can
identify patients with histopathologically con-
firmed CIN3 or cancer. Indeed, the proportion of
TERC-positive cases increases with the severity
of dysplasia. Among the markers tested, detection of
TERC amplification in cytological samples has the
highest combined sensitivity and specificity for
discernment of low-grade from high-grade dysplasia
and cancer. (Am J Pathol 2009, 175:1831–1847; DOI:

10.2353/ajpath.2009.090122)

Cervical carcinoma is the second most common malig-
nancy among women world-wide.1 The introduction of
screening programs based on cytological examination
of cervical smears resulted in a significant decrease in
both incidence and mortality rates.2 The most common
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cervical cancer type is squamous cell cervical carcinoma.3

Infections with high-risk human papillomavirus (HR-HPV)
are almost invariably found in women with neoplastic dis-
ease and progression from low-grade to high-grade dys-
plasia, and invasive disease is very rare in the absence of
HR-HPV.4 However, transient HPV infections that do not
result in the development of high-grade dysplasia are com-
mon in young, sexually active women.

The causal relationship between HR-HPV infection
and cervical cancer has made the detection of the
virus an attractive approach to identify women at risk of
developing cervical cancer.5 However, it has also become
increasingly evident that other factors, in addition to HR-
HPV per se, are required for cervical carcinogenesis, since
only rarely will women infected with HR-HPV eventually de-
velop cervical cancer. Therefore, biomarkers strongly asso-
ciated with the propensity of low-grade lesions to progress
to high-grade lesions and cancer would be of great value
for the individualization of the clinical management of
women with abnormal Pap smears.6

The expression of the HPV protein E7 triggers the acti-
vation of the cyclin-dependent kinase inhibitor p16INK4a,
which has been explored for its diagnostic potential.7 In
normal cells, p16 expression is essentially undetectable by
immunocytochemistry. It is possible that such staining will
not only improve the chances of detecting premalignant
cells, but also aid in the distinction between premalignant
and reactive atypia.8

In addition to infection with HPV and its consequent
expression of p16, the majority of cervical carcinomas
carry extra copies of the long arm of chromosome 3 and
with it genomic amplification of the RNA component of
the human telomerase gene (TERC), which resides on
cytoband 3q26.9,10 Therefore, genomic amplification of
this gene is likely to play a central role in progression from
low-grade dysplasia to high-grade cervical intraepithelial
neoplasia (CIN) and invasive cancer. In a previous study,
we showed that progression is never observed in the
absence of genomic amplification, and, inversely, extra
copies of this gene are not present in lesions that spon-
taneously regress.11

The aim of the present study was to validate these
findings among women undergoing testing for cervical
cancer following an abnormal Pap smear at popula-
tion-based screening, and to correlate the amplifica-
tion status of TERC with the histological evaluation of
concordant biopsies. Genomic copy numbers of TERC
and the oncogene MYC were determined on liquid
based cytology (LBC) slides using fluorescence in situ
hybridization (FISH), and the findings were systemati-
cally compared with HPV status, p16 protein expres-
sion, and the results of cytological screening and his-
topathological diagnoses.

Materials and Methods

Patients and Tissue Samples

We consecutively enrolled 78 women with any grade of
cytological abnormalities detected at a population-based

screening. The women were referred for extended testing at
the Department of Gynecology at the Karolinska Uni-
versity Hospital Huddinge in Stockholm, Sweden. The
extended testing took place during 2005, 2 to 6 months
after the initial population-based screening. The mean
age of the women was 35.3 years (median 33 years,
range 23 to 60 years).

Clinical Evaluation

Enrollment, clinical characterization, and sampling of all
women have been previously reported in detail.12 From
each woman we collected material for a Pap smear and
LBC, and performed colposcopy and punch biopsies
for histopathological evaluation. In many cases, a sub-
sequent loop electrosurgical excision procedure
(LEEP) histopathology and/or Pap smear follow-up
were available.

Cytological and histopathological samples were re-
evaluated by an experienced pathologist (A.H.). Samples
were diagnosed in a blinded fashion, ie, the respective
assessment was disclosed only after both the cytology
and histology samples had been evaluated. Cytological
categories were defined according to the Bethesda no-
menclature,13 including the subgroups within normal lim-
its (WNL), atypical squamous cells—undetermined sig-
nificance (ASCUS), low-grade squamous intraepithelial
lesions (LSIL), atypical squamous cells—cannot exclude
high-grade squamous intraepithelial lesions (HSIL) or
high-grade changes (ASC-H), and HSIL. According to
Swedish recommendations, cases of koilocytosis without
signs of dysplasia are reported as WNL. Therefore, the
LSIL group contains samples corresponding to cytolog-
ical CIN grade 1 (CIN1) only. Histopathological diagnosis
followed the World Health Organization criteria14 and
included the subclasses benign (WNL), CIN1, CIN2,
CIN3, and carcinoma. Women with CIN2 or CIN3 were
treated by LEEP.

Follow-up data were collected until 2007 (Table 1),
including Pap smears in all cases and colposcopy, plus
biopsy when indicated. LBC samples were used for all of
the HPV analyses, the FISH analyses of TERC, MYC, and
HPV, and for the p16 analysis. Additionally, for a subset
of cases, 4-�m sections of the biopsies, and/or LEEPs
were also hybridized and analyzed. All samples used in
the study were obtained with informed consent and per-
mission from the local ethical committee. The flow chart in
Figure 1 summarizes the study design.

HPV Status

HPV status was evaluated by four different assays: 1) a
prototype line blot analysis from Roche; 2) a quantitative
real-time PCR method specific for 10 high-risk HPV types
(HPV 16, 18/45 group, 31 and 33/35/39/52/58/67 group
(Quantovir AB, Uppsala, Sweden); 3) detection of E6/E7
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mRNA expression of HPV 16, 18, 31, 33, and 45 HR-HPV
with real-time nucleic acid sequence-based amplification as-
say method (PreTect HPV-Proofer; NorChip AS, Oslo, Nor-
way); and 4) HPV-FISH (see also Figure 1). The Roche line blot
assay was performed as described earlier.15–17 Details of the
method and real-time PCR results obtained with the
samples analyzed in this study, have been report-
ed.18,19 Results from the E6/E7 mRNA with the samples
used in this communication have been described in a pre-
vious publication.12 These previously published data were
used only as reference points for performance comparison
with the previously unpublished line blot and FISH data
(Table 1 and Figure 2).12,18,20

In addition HPV was detected by FISH (see examples
in Figure 3, A–E) as described below.

Status of p16 Expression

Results from previously published p16 immunocyto-
chemical analyses12 are summarized in Table 1. In short,
p16 immunoreactivity was determined on LBC slides and
scored as negative (�; less than three stained reactive
cells per slide) or positive (�, ��, and ���) depending
on the staining intensity.

FISH

Slides for FISH analyses were prepared from samples of
LBC specimens according to standard procedures.21

Four-color FISH analysis was performed on each case
using a probe set targeting the centromere of chromo-
some 7 (CEP7), the TERC locus at chromosome band
3q26 (LSI TERC), the MYC locus at 8q24.2 (LSI MYC),
and an HPV probe that contained DNA of the types 16,
18, 30, 45, 51, and 58. The probes were provided by
Abbott Molecular, Inc. (Des Plaines, IL) through a Coop-
erative Research and Development Agreement (CRADA
#001039). CEP7 was labeled with Spectrum Aqua, the
TERC contig with Spectrum Gold, MYC with Spectrum
Red, and the HPV probe was biotin-labeled. The HPV
probe was previously shown to detect types 16, 18, 26,
31, 33, 35, 39, 45, 52, 53, 56, 58, 59, 66, and 82,22,23

indicating that the DNA of the HPV types contained in the
mix cross-reacts with other types because of sequence
homology. There were no samples with HPV 30 or HPV51
infection included in the studies cited.22,23

Hybridization, posthybridization washes, and detec-
tion of the HPV probe were performed according to the
probe manufacturer’s recommendations.22 In brief, the
LBC slides were incubated for 2 minutes in 2� standard
saline citrate at room temperature followed by pepsin (0.3
mg/ml in 10 mmol/L HCl) at 37°C for 5 to 10 minutes, fixed
in 1% neutral-buffered formalin at room temperature for 5
minutes, and then washed in 1� PBS for 5 minutes.
Slides were dehydrated in an ethanol series and air-
dried. Co-denaturation at 72°C for 2 minutes and over-
night hybridization at 37°C were done on a ThermoBrite
(Statspin). Slides were then washed in 2� SSC/0.3%
Nonidet P-40 for 2 minutes at 48°C and in 2� SSC/0.1%
Nonidet P-40 for 1 minute at room temperature. The HPV

probe was detected using Alexa Fluor 488 Tyramide
Signal Amplification kit number 22 (Invitrogen, Carlsbad,
CA) according to the manufacturer’s directions. Finally,
antifade solution (VectaShield, Vector Laboratories, Bur-
lingame, CA) containing the nuclear counterstain 4,6-
diamidino-2-phenylindole was applied and coverslips
were added.

Scoring of FISH Results

Image acquisition and analyses were performed using a
Leica DM-RXA fluorescence microscope (Leica, Wetzlar,
Germany) equipped with custom optical filters for 4,6-
diamidino-2-phenylindole, Spectrum Aqua, Spectrum Gold,
Spectrum Red, and Spectrum Green (Chroma Technolo-
gies, Rockingham, VT) and a �40 Plan Apo (NA 1.25)
objective. Scoring of FISH results was done without
knowledge of cytological or histopathological evaluation
or any of the other markers. HPV fluorescence patterns
and TERC and MYC signals were enumerated by screen-
ing and counting the entire slide visually using the Spec-
trum Green filter for HPV, with the Spectrum Gold filter for
TERC, and with the Spectrum Red filter for MYC. All nuclei
on a slide were evaluated. On average, 2320 nuclei per
slide with a range of 232 to 4996 nuclei were counted. For
the HPV probe the results were classified as negative (0),
or positive with episomal (1), episomal and integrated (2),
or integrated (3) patterns depending on the appearance
of the fluorescence signals (see Figure 3 as an example).
CEP7, TERC, and MYC were evaluated by signal counts
per nucleus. The results were registered as patterns for
the probe panel (CEP7-TERC-MYC-HPV) for each nu-
cleus. For example, a nucleus with two signals for CEP7,
three signals for TERC, two signals for MYC, accompa-
nied by an HPV-FISH episomal pattern was recorded as
a “2321” pattern. Accordingly, cells with normal signal
numbers and HPV-FISH negative result were reported as
“2220.” Their number was recorded on a manual counter
and used to establish the total cell count by adding it to
the number of nuclei with aberrant patterns. Nuclei with
more than two TERC signals and/or more than two MYC
signals and/or HPV-FISH positivity were imaged using a
CoolSnap camera and multifocus imaging with the Leica
CW4000-FISH imaging software for each of the optical
filters. This software also allows for registering the im-
aged nuclei in relocation charts with their positions and
their signal patterns. This enabled us to revisit the few
cases for which ambiguous signal constellations were
observed, and to arrive to a consensus count among
three observers (P.S., K.H.-H., and T.R.). The complete
FISH results comprised of the total cell count per slide
and a list of all of the cells deviating from the FISH pattern
of normal cells (see column “Signal patterns observed” in
Table 1). All of the other columns provided for the FISH
data in Table 1 were calculated from these raw data (eg,
number of cells with more than two TERC signals exclud-
ing or including cells with four CEP7 and four TERC
signals, etc). Cells with four signals for each probe, “444”
were categorized as “tetraploid,” acknowledging the fact
that other chromosomal aneuploidies could exist in these
cells.
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Table 1. Comprehensive Table of All Analyses and Clinical Data for All 78 Cases Studied
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(table continues)
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Table 1. Continued

Cytology/Biopsy 
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WNL Pap and bx WNL 4 1 16, 39 0 16, 39 0 1+ 
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(table continues)
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Table 1. Continued
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244  30   796  3  3   1 0  0  2221x3,2222x3,2223x2,2320x2,43(?)30x1,2220x785  

94 43 2869   4   1 4  3   0   2221x1,4440x3,6660x1,2220x2864  

192   31  2566  6  5  1  1  0  2320x5, 4440x1,2220x2560  

190  58   655   9 9 7   0 0   

2-4(doublets)4(doublets)0x3, 2-3(split  d)20x1,    
2-3(split d)3(splitd)0x1, 2-4(doublets)2(doublets)0x1,  
2-4(doublets)4 -8(doublets)0x1,   
2(big)4   
2 - 4     

126  28   2694  10   3   8  7 2   2221x5,2222x4,2223x4,2421x2,22(?)2(?)1x1,4440x7,   
8880x1,2220x2670   

124  34 2330   12  1   11   11  2  2320x1,4440x9,4443x2,2220x2318  

191 31  2605  12   2   11  10  0  2320x1,3440x1, 4440x10, 2220x2593  

134 30  1313  13  7  15 5 6  2221x6,2222x3,2223x8,2232x1,2233x2,2322x1,4440x2, 
4441x1,4443x1,444?x1,4550x6,?44?x1,2220x1280  

235 31 3013  14 0   12 11 3  2221x2,2222x3,2223x7,4440x8,4442x1,4443x1,444?x1, 
4450x2,444or51x1,2220x2987  

219 58 2914   20  16   20   4  0  2340x6,2440x10,4440x4,2220x2894  

214  38 1111  24  21   20   3   3   
2330x3,2333x2,2420x3,2430x3,2530x1,2550x1,2620x1, 
2880x2,21080x1,21163x1,3430x1,3440x2,4440x3,   
2220x1087  

157 23  3049  31 1 30 30 3  2221x18,2222x6,2223x7,2320x1,22(?)2(?)0x1,4440x27, 
4441x2,4443x1,2220x2986  

226 28 3151   36 36 8 0 0  2320x7,2420x21,4640x8,2220x3115   

103  30 2112   46   2   45   44  4   2320x1,4440x40,4443x4,4680x1,2220x2066   

177 60 4021  59  59   58   0  0  
2540x1,3630x1,41550x1,41570x1,41230x1,41040x1,  
4530x1,4620x1,4630x6,4730x4,4830x32,4840x2,  
4940x1,61570x2,61260x1,71460x2,71470x1,2220x3962 

116  34   4091  62   6   57   56  2  2223x2,2320x5,3330x1,4440x53,4442x1,4443x1,  
444?x1,2220x4027  

) 2 2 = n (   s n o i s e l   2 
N

 
I C   : y g o l o t s i h   e d a r g   t s e h g i 

H
 

  

249  31 2142  74   72  69   2  0  
2430x1,2440x2,2550x1,3350x1,3440x57,3450x1,  
34?0x5,3550x1,34or540x1,4440x2,46- 
740x2,2220x2068   

118   24   4671  0   0 0 0 0  2222x1,???1or2x2,2220x4668  

230 27 3954  4 2 4 2 3  2221x64,2222x13,2223x7,2442x1,4440x1,4441x1,45or6 
8(?)2x1,2220x3866  

242 27  984  9   0 9  8  8  2221x5,4440x1,4441x3,4442x1,4443x3,443or41x1,222 
0x970  

181 52 2263   9  8  9 1   3  2221x19,2222x10,2223x1,2330x3,2320x2,2322x1,   
2230x2,3781x1,4440x1,3330x1,2231x1,2220x2221   

144  55 232  15   15  4  0 0  222?x217   

) 3 2 = n (   3 
N

 
I C 

  

240  39   786   16 9   12 3 1   

0001x1,2221x24,2222x7,2223x12,222?x2,2320x3, 

  2322x1,2440x1,3440x3,4440x2,444?x1, 
  4770(2330and2440)x1,44or64or50x1,2or4443(?)x1, 

3or4430x1,3or4440x1,2220x724 

(table continues)

1836 Andersson et al
AJP November 2009, Vol. 175, No. 5



Table 1. Continued

Cytology/Biopsy 
Histology 

Follow-Up 
(LEEP Histology, subsequent Pap smear, 

Biopsies and LEEPs) 
HPV 

HPV FISH 

nuclei 
Line blot
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H“ Total

No. 
No. 

integr
High
Risk 

Low 
Risk 

 riVotnau
Q

 pihCro
N

 61p

LSIL LSIL LSIL/ 
HSIL CIN2 CIN1 12 LEEP WNL Pap smears CIN2 0 0 31 0 0 0 0 

LSIL WNL LSIL CIN1 CIN2 17  WNL Pap smears CIN2 16 9 16,58 0 16,33 16 0 

LSIL LSIL LSIL CIN2 CIN1 1 LEEP WNL Pap in 2005 CIN2 11 0 56 0 0 0 1+ 

HSIL HSIL HSIL CIN2 CIN2 2.5 LEEP WNL Pap smears CIN2 12 1 31,52,
67 0 31 0 2+ 

LSIL WNL HSIL CIN2 CIN2 3 CIN2 0 0 68 0 39 0 0 

HSIL ASC-H HSIL CIN2 CIN1 4  LEEP WNL Pap smears CIN2 8 2 16,33,
58 42,61 n.d. n.d. 3+ 

HSIL LSIL LSIL/ 
HSIL CIN1 CIN2 3 2005+2006 Pap and bx WNL, 2007 Pap 

LSIL, bx CIN1, LEEP CIN1 CIN2 1 0 31,45,
73 0 45 45 2+ 

ASC-H WNL HSIL CIN2 CIN2 2.5  LEEP WNL Pap CIN2 0 0 33,39 0 33 0 2+ 

ASCUS ASC-H ASC-H CIN2 CIN2 3 WNL Pap smears and bx CIN2 0 0 n.d. n.d. n.d. n.d. 0 

HSIL HSIL LSIL CIN2 CIN2 2 LEEP Pap smear LSIL in 2005, WNL 
Pap in 2006 and 2007 CIN2 16 4 56,51 0 0 0 0 

LSIL HSIL HSIL CIN2 CIN2 1.5 LEEP WNL Pap smears CIN2 2 2 31 0 0 0 1+ 

ASC-H WNL WNL CIN1 CIN2 1 CIN2 0 0 0 70 0 0 0 

LSIL HSIL LSIL CIN2 CIN2 2.5 CIN2 23 11 16,18 0 16,18 16 0 

LSIL HSIL HSIL CIN2 CIN2 2.5 CIN2 15 8 16,18, 
31 0 18,16,

31 18 3+ 

HSIL ASC-H HSIL CIN2 CIN2 2 Pap smears CIN2 0 0 31 0 16 0 2+ 

HSIL HSIL HSIL CIN2 CIN2 1.5 CIN2 3 3 56 0 0 0 0 

HSIL ASCUS ASCUS CIN1 CIN2 14 CIN2 34 8 16,51 
66 0 16 16 0 

HSIL n.d. HSIL CIN2 CIN2 2 CIN2 0 0 31 0 31 0 1+ 

ASCUS LSIL LSIL/ 
HSIL CIN2 CIN2 1 LEEP WNL Pap smears CIN2 4 4 16 0 16 0 0 

LSIL LSIL HSIL CIN2 CIN2 3 2005 hysterectomy CIN1, no follow-up CIN2 0 0 66 0 0 0 1+ 

LSIL HSIL HSIL CIN2 CIN2 1.5 LEEP WNL Pap smears CIN2 4 3 31 81 31 0 1+ 

LSIL ASC-H HSIL CIN2 CIN2 3 CIN2 0 0 31 0 n.d. n.d. +

HSIL WNL LSIL CIN1 CIN3 6 LEEP WNL Pap smears CIN3 3 0 33,59 84 31 0 1+ 

ASC-H n.d. LSIL CIN3 CIN1 1 no  LEEP CIN3 87 7 16 0 16 16 2+ 

HSIL HSIL HSIL CIN3 CIN3 3 CIN3 13 3 16 0 n.d. n.d. 0 

HSIL HSIL HSIL CIN3 CIN3 2 2005 and 2006 WNL Pap, 2007  CIN3 33 11 16 0 16 16 3+ 

ASC-H HSIL HSIL CIN3 CIN3 1.5 2005 hysterect. CIN1,  CIN3 n.d. n.d. 16 0 16 16 0 

ASC-H HSIL HSIL CIN3 CIN3 1 CIN3 46 13 16,18 0 16 16 2+ 

(table continues)

TERC Stratifies Abnormal Pap Smears 1837
AJP November 2009, Vol. 175, No. 5



Table 1. Continued

TERC MYC Signal s observed 
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s observed: 
First digit:CEP7 signals, second digit:  

TERC signals, third digit: MYC signals,fourth digit: HPV 
 (O=neg, 1=episomal,2= episomal and 

integrated, 3=integrated, ?=not analyzable) x number of 
cells observed with this specific  

  
225 33 2993 19 8 18 11 0 2440x7,4440x11,4520x1,?22?x1,2220x2973 

233 34 3749 20 9 64 5 0 
223?x41,223?x2,224?x1,233?x1,254?x1,23or43?x1, 
444?x5,445?x2,443or4?x1,545?x6,4or545?x3, 
222?x3685 

112 30 4882 20 19 1 1 13 0001x1,2221x1,2320x2,2321x8,2322x1,2323x1,2420x4,
2421x3,4440x1,2220x4860 

120 37 1121 21 19 20 1 0 1420x1,1530x15,2440x1,2530x2,4440x1,3(?)440x1, 
2220x1100 

204 42 2251 25 21 20 2 0 ?44?x2,232?x4,233?x2,242?x1,243?x2,244?x4,334?x1,
364?x6,375?x1,444?x2,222?x2226 

208 40 3714 29 1 29 28 5 21(?)23x1,2221x2,2222x1,2223x38,222?x1,2443x1, 
4440x24,4443x4,2220x3642 

206 28 2140 40 24 34 15 5 
2320x6,3430x3,3440x3,3450x1,3530x2,31283x1, 
3770x1,3773x1,4350x1,4431x1,4440x15,4550x1, 
4552x1,4770x1,5472x1.6760x1,2220x2100 

17 25 2157 41 34 36 7 7 

2320x1,2330x2,2420x2,2430x1,2431x1,2432x1,2440x5,
244?x1,2460x1,2520x1,2530x1,253?x1,2540x2,2640x2,
2642x1,2742x12753x1,3520x1,3540x1,3742x1,4440x5,
4442x1,444?x1,4540x1,4630x1,4640x2,464?x2, 
2220x2116 

16 28 2073 49 49 48 0 0 2330x3,2420x1,2430x45,2220x2024 

232 38 3475 51 8 54 31 24 
2221x755,2222x228,2223x82,2320x2,2321x3, 
343or41x1,4421x2,4433x1,4440x18,4441x5,4442x2, 
4443x6,4450x4,4453x3,445?x1,4543x1,33or450x1, 
2220x2360 

201 45 2620 51 40 16 11 0 2320x14,2330x1,2420x21,2430x1,3530x1,4440x11, 
4530x2,2220x2569 

111 40 3151 61 61 101 0 87 

2211x2,2212x1,2221x13,2222x5,2230x3,2231x28, 
2232x7,2240x2,2241x1,2242x3,2251x2,2261x2,2321x2,
2330x1,2331x5,2332x2,2340x2,2341x2,2351x1,2352x1,
2420x3,2421x3,2430x6,2431x2,2432x5,2440x1,2441x1,
2442x2,2450x1,2451x1,2452x1,2462x1,2530x1,2531x3,
2541x1,2542x3,2543x2,2552x1,2563x1,2740x1,2742x2,
4650x1,4863x1,48103x1,2220x3021 

250 35 1393 70 69 21 1 23 
2222x1,2320x6,2323x2,2420x27,2423x14,2443x2, 
2533x1,3330x1,34or543x1,4440x1,4540x1,4840x8, 
4843x3,48(?)40x3,2220x1322 

90 26 2008 109 109 45 0 75 
2221x20,2222x5,2231x7,2232x1,2241x3,2320x23, 
2321x37,2330x1,2331x6,2332x3,2341x3,2421x3, 
2430x3,2431x4,2432x4,2440x8,2442x1,2521x2, 
252?x10, 2541x1,2220x1863 

227 28 3403 133 133 133 0 0 2221x8,3640x123, 364?x 8,1-4 6 3-4 0x2,2220x3262 

139 35 2002 151 137 147 1 30 

2333x1,2423x1,2430x1,2430x5,2432x1,2533x1,2660x1,
3330x3,3332x1,3420x1,3423x1,3430x92,3431x1, 
3432x4,3433x8,3440x1,3530x1,3880x1,4423x1, 
4430x6,4433x6,4440x1,4530x1,4562x1,4750x1,4760x2,
4860x1,5533x1,5650x1,5860x1,6560x1,7993x1, 
89103x1,2220x1851 

H
ig
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IN
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207 36 2224 35 34 34 1 0 2340x1,2430x4,2530x1,3430x22,3530x3,3740x1, 
4440x1,4850x1,3420x1,2220x2189 

Ca
nc

er
 

113 35 4566 2992 2992 95 0 20 2320x2,2420x6,2520x2869,2523x20,47or840x2, 
4740x25,4840x12,48or1040x1,41040x55,2220x1574 

156 39 1436 20 20 1 0 0 2223x1,2320x13,232or30x3,232or40x2,2440x1,3420x1,
2220x1415 

(n
=2

)

(table continues)
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Table 1. Continued

Cytology/Biopsy   
Histology

Follow-Up   
(LEE P Histology,   subsequent Pa p smear,   

Biopsies and LEEPs)   
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 ”ygolo tsi
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Total
No.

No.
integ r 

High
Risk

Lo w 
Risk

 r iVotnau
Q

pihCro
N

61p

HSIL n.d. HSIL CIN3 CIN3   0 2005 Pap WN L,   no f/u fo r 2006 - 7 CIN3 0  0 0 6 0 0 0  

LSIL H  SI L HSIL CIN3 CIN3 1  LEEP WN L  Pap smears CIN3 n.d. n.d. 68 0 39 0   2  +

LSIL WN L L  SI L CIN1 CIN3 17  LEEP WNL Pap smears   CIN3 15  1   1  6  0   1  6  1  6  1  +

ASCU S SQ CA AD CA CIN3 CIN3  1  LEE P  WNL Pap smears   CIN3 0  0  31  0   0   0   1  +

ASCUS ASC- H A  SC-H CIN1 CIN3  1  2006   Pap smea r  LSI L,  200 7 bx CIN1,
LEEP CIN1

CIN3 n.d. n.d. 16,53 0 16   16 1  +

n.d. W  NL WN L C  IN 3 C  IN3  1.5   LEEP WNL Pap smears   CIN3 47 44 16   0 n.d.  n  .d . 3+

ASCUS  HSIL HSIL CIN3 CIN2-3  2   LEEP WNL Pap smears   CIN3 5 2  16,51 0 16   16 2+

HSIL HSIL HSIL CIN3 CIN3  1  .5   LEEP two WNL Pap in 20 04 , no
furthe r  follow -up

CIN3 7  1 0 16,31
33   

16 , 
33   2+   

ASCUS  ADCA HSIL CIN3 CIN3   1  LEEP WNL Pap smears   CIN3 0  0  73  0   0  0 3  +

HSIL  H  SI L H  SI L C  IN 3 C  IN3  0.5   LEEP WNL Pap smears   CIN3 1089 93  1  6,51 0  16  1  6  0  

HSIL   ASCU S LSIL CIN3 CIN3  1  LEEP WNL Pa p  smears CIN3 0  0  5  1  81,6 2 0 0   1  +

HSIL HSIL HSIL CIN3 CIN3  1   LEEP WNL Pap smears   CIN3 108  5  16  0   1  6  1  6  3  +

HSIL   ASC- H HSIL CIN2 CIN3  2   LEEP WN L  Pap smears   CIN3 24  2  3  16  0   n  .d.  n.d. 1+
2+   

HSIL  H  SI L H  SI L C  IN 3 C  IN3  2  
Apr05 Pap WNL bx CIN1,   
Dec05 Pap WNL bx CIN2
Apr06 Pap WNL bx CIN1   

Dec06,Feb08 Pa p  WNL bx insuf   

CIN3 100  0  16  0   1  6  1  6  2  +

HSIL  n  .d . H  SI L C  IN 3 C  IN3  0   LEEP 2005  P ap LSI L,  200 6,200 7 
WNL Pap

CIN3 8  0  45,   0 1  6,33 45   3+   

ASCUS ASCU S HSIL CIN3 CIN3  1  0  LEEP WNL Pap smears   CIN3 30  2  2  18  0   1  8  18  2  +

LSIL   AS C -H AS C -H WN L ACIS 6   LEEP WN L  Pap   smears
ACIS   (ca
in situ ) 

0 0  18 0  n.d.  n  .d . 1+

LSIL   SQ C a S  Q Ca SQ C a inv.cancer 1 Wertheim surg.   No   follow-u p 
inv.   

cancer
20 2  0  16 0 1  6  1  6   3+

ASCU S ASCU S WN L C  IN 3 microinv.
cancer 2. 5 2005 hysterect.   CIN1 , WN L r

micro.
inv.c a 

1  1  16  0   1  6,3 9 1  6  0  

*Bold text indicates: TERC positive according to threshold of nine and more nuclei with more than 2 TERC signals.
Abbreviations: n.a. (not applicable); n.d. (not determined); bx (biopsy); d (doublet); df (doublet far apart); ds (doublets); diff (diffuse); WNL

(within normal limits); ASCUS (atypical squamous cells— undetermined significance); LSIL (low-grade squamous intraepithelial lesions); ASC-H
(atypical squamous cells— cannot exclude high-grade squamous intraepithelial lesions (HSIL) or high-grade changes; HSIL (high-grade
squamous intraepithelial lesions; (LEEP) loop electrosurgical excision procedure.
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Statistical Methods

Receiver operating characteristics (ROC) curves were
used to establish optimal thresholds and to identify FISH
count parameters that best distinguish Thinprep samples
with underlying CIN2, CIN3, and cancer histology, from
Thinprep samples with underlying WNL and CIN1 histol-
ogy. ROC curves were generated by plotting the sensi-
tivity for detecting CIN2, CIN3, and cancer versus 1
minus the specificity for detecting WNL and CIN1, ob-
tained at percent cell thresholds ranging from 0% to 10%
(0.05% increments). Curves were generated based on
the number of tetraploid cells, the number of cells with
TERC gain (excluding “tetraploid” cells and cells that
have four CEP7 signals and four TERC signals), the num-
ber of cells with either tetraploidy or TERC gain (ie, all
gains of TERC), the number of cells with MYC gain (ex-
cluding “tetraploid” cells and cells that have four CEP7
signals and four MYC signals), and the number of cells

with either tetraploidy or MYC gain (ie, all gains of MYC).
Curves that come closest to the ideal values of 100%
sensitivity and 100% specificity (Figure 4A, top left corner
of ROC graph) provide the best combination of sensitivity
and specificity (assuming equal importance of each) and
optimal thresholds are typically selected from points
near the “breaks” in the curves (region closest to top
left corner; curve slope near 45°). A better view of the
dependence of sensitivity and specificity on threshold
can be obtained by plotting the distance from ideal
(DFI) versus threshold (Figure 4B). DFI is defined here

Figure 1. Flow chart of the study design.

Figure 2. Percentage of positive cases within
the categories WNL, CIN1, CIN2, CIN3, and can-
cer for the different tests applied. Data for HPV
Quantovir, Norchip mRNA, and p16 have been
obtained from previous publications.12,18,20

Figure 3. Examples for HPV-positive (A, B, C, D) and negative (E) nuclei,
with and without chromosomal aberrations. The images show the 4,6-
diamidino-2-phenylindole staining of the cell nucleus (Blue), the HPV
staining (Green) in infected cells, the CEP7 probe (Aqua), the TERC probe
(Gold), and the MYC probe (Red). Nucleus A represents a cell episomally
infected with HPV (see Material and Methods: pattern 1), with two normal
signals for each probe; B shows a cell with a mixed infection (episomal
and integrated: pattern 2) with normal signals for all probes; and C
displays an integrated HPV infection (pattern 3), also still normal for all
probes. Nucleus D also shows an integrated HPV infection (only one
integration site) with a diploid signal count for CEP7 and MYC and an
aneuploid signal count (five signals) for TERC, while nucleus E was HPV-
FISH negative (there were however HPV-FISH-positive nuclei within the same
sample) and showed three signals for CEP7, six signals for TERC, and four signals
for MYC. The aberrant patterns for the latter two nuclei were clonal within these
cases (cases 113 and 227).

1840 Andersson et al
AJP November 2009, Vol. 175, No. 5



as the distance from the idealpoint (0,1) on the ROC
plot (100% sensitivity, 100% specificity), and is calcu-
lated as [(1 � sensitivity)2 � (1 � specificity)2]1/2. DFI
is smallest for the best combined sensitivity and spec-
ificity (giving equal weight to each) and varies from 0
for thresholds providing 100% sensitivity and 100%
specificity, to 1.414 for thresholds providing 0% sen-
sitivity and 0% specificity.

Results

A four-color FISH probe set for detection of CEP7, TERC
(3q26), MYC (8q24), and HPV was hybridized to 78 cer-
vical LBC samples of a Swedish patient cohort. Examples
of the FISH analyses are shown in Figure 3. For all of the
patients a biopsy was taken at a colposcopy performed

at the same time as the LBC sampling, and for most of the
patients a subsequent LEEP histology and Pap smear
follow-up were available. When no visible lesion was
observed, a biopsy was taken close to the squamo-
columnar junction.

The LBC samples were also analyzed by line blot and
Quantovir for HPV infection, detection of E6/E7 mRNA of
HPV 16, 18, 31, 33, and 45 high-risk types of HPV ex-
pression with the real-time nucleic acid sequence-based
amplification assay and for p16 expression by immuno-
cytochemistry. The study design is presented in Figure 1.
Table 1 summarizes the FISH, HPV, and p16 data avail-
able for each sample together with the cytologic screen-
ing results, the histological diagnoses from biopsy and
LEEP, and the clinical follow-up data. The results of the
primary Pap smears taken at the population-based
screenings at the referral clinics for the 78 women en-
rolled showed ASCUS in 14 cases, 34 smears had LSIL,
22 had HSIL, and six had ASC-H. In two cases we were
unable to retrieve the initial diagnosis.

The samples in Table 1 are arranged by the highest
grade of histological diagnosis (when biopsy and LEEP
histology differed from each other, the higher grade was
used).

When sorting according to the highest grade histology,
14 of the 78 samples were WNL, 17 samples were CIN1,
22 samples were CIN2, 23 samples were CIN3, and two
samples were squamous cell cervical carcinoma, main-
taining a good balance among the CIN groups. The
number of TERC-positive cases increased with severity of
the cervical lesion. Applying a threshold of more than
eight TERC-positive cells before a case was considered
TERC positive, 7% (one of 14) of WNL cases, 24% (4/17)
of CIN1, 64% (14/22) of CIN2, 91% (21/23) of CIN3, and
100% (2/2) of the carcinomas were positive for genomic
amplification of TERC. Figure 212,18,20 shows the percent-
ages of positive cases in lesions assessed as WNL,
CIN1, CIN2, CIN3, and cancer comparing the different
markers and tests used in this study. The TERC test
achieved the highest combined specificity and sensitivity
for discernment of low-grade from high-grade lesions
and cancer. This can also be appreciated in Table 2,
which shows the sensitivity and specificity for the differ-
ent tests used. When distinguishing between benign and
CIN1 lesions on the one side and CIN2, CIN3, and can-
cers on the other, the TERC test has a sensitivity of 79%
and a specificity of 84%. When distinguishing between
benign lesions versus CIN3 lesions the sensitivity of the
test is 91% and the specificity is 93%. In comparison, as
expected from a referral population, the HPV test (line
blot) has a very high sensitivity (97% high-risk-HPV,
100% low-risk and high-risk-HPV), but an extremely low
specificity (36% HR-HPV, 19% LR and HR-HPV). Expres-
sion of p16 and MYC copy number are both associated
with a slightly better specificity than TERC, but their sen-
sitivities are around 10% points lower than the sensitivity
of the TERC test. Noteworthy, in the distinction of WNL
samples versus CIN3 samples, TERC performs better
both in specificity and sensitivity, with 7% points and 9%
points, respectively, as compared with p16. HPV-FISH
alone has a low specificity, but also a relatively low sen-

Figure 4. ROC and DFI curves for TERC and MYC gain. A: ROC plot of
sensitivity versus 1-specificity at thresholds ranging between 0% and 100%
abnormal cells. B: Plot of DFI versus threshold (refer to Materials and
Methods for details). The yellow diamonds in both A and B show the results
when considering cells with any TERC gain (�2 TERC signals/cell including
cells with four signals for CEP7 and TERC and “tetraploid” cells); the white
diamonds denote the results when considering cells with more than two
TERC signals as positive, excluding cells with four signals for CEP7 and TERC
and “tetraploid” cells; the red squares display the results when considering
cells with any MYC gain (more than two MYC signals/cell including cells with
four signals for CEP7 and MYC and “tetraploid” cells); the pink squares depict
results when considering cells with more than two MYC signals, excluding cells
with four signals or CEP7 and MYC and “tetraploid” cells, and the blue triangles
reflect the results when only “tetraploid” cells were considered, ie, hybridization
patterns of four signals for each probe (4 CEP7 � 4 TERC � 4 MYC).
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sitivity, especially in comparison with the line blot HPV
results. This can be mostly attributed to the inability of the
HPV-FISH test to detect HPV type 31 in our Swedish
material, though the probe has been shown to detect
type 31 in other cohorts.22 The HPV-FISH test did not
detect 20 cases that were positive by HPV line blot, of
which seven cases were type 31, two cases were type
68, and two cases were type 73. Types 68 and 73 are not
expected to be detected by HPV-FISH since there is only
35% homology between these types and the types in the
probe mix. The rest of the cases not detected by HPV-
FISH involved types 16, 18, 33, 39, 51, 53, 56, and 66.
When using a threshold that has been proposed and
applied by Sokolova et al22 (ie, four or more cells positive
for both TERC and/or MYC and HPV-FISH), we achieve
good specificity but very low sensitivity (see Table 2),
which can be partly explained by the suboptimal perfor-
mance of the HPV-FISH probe in our material. However,
even CIN3 cases that were HPV-FISH positive and had
chromosomally aberrant nuclei, did not necessarily have
four and more double-positive nuclei and were therefore
negative when using this criterion (see cases 181, 240,
227, see Table 1).

Both, the Quantovir and the line blot HPV tests have
low specificity (42.9% and 35.5%, respectively), how-
ever, the line blot has a higher sensitivity (97% vs.
72.5%). The discrepancy in sensitivity can be partly ex-
plained by the fact that the Quantovir test does not cover
all HPV types tested for in the line blot assay. Disagree-
ments between types found by line blot and types found
by Quantovir are most likely due to binding of the Quan-
tovir primers to HPV types other than the one they were
designed for because of sequence homology.

We did not observe a clear increase in the incidence
of HR-HPV oncogene mRNA expression with increas-
ing severity of the lesion by using nucleic acid se-
quence-based amplification assay (NorChip). The HPV
mRNA test (NorChip) shows good specificity, but lacks
sensitivity (only 50% of CIN2, CIN3, and cancer lesions
are detected), which can be mainly attributed to its
inability to detect CIN2 lesions. Its sensitivity for de-
tecting CIN3 lesions is better with 68.4%, but still far
below the TERC marker (91.3%).

Figure 5 demonstrates that the number of TERC-posi-
tive cells is positively correlated with the severity of the
lesions. Interestingly, TERC-positive cells often display
similar or even identical patterns within the same lesions
(Table 1, signal patterns observed), which is a strong
indication for expansion of an initial clone following the
acquisition of extra copies of 3q. Especially in the more
severe lesions, it is evident that the high numbers of
TERC-positive cells are often due to the expansion of one
or a few specific clones. This is exemplified in, eg, case
227, with aberrant nuclei displaying only one pattern, ie,
“364” in 131 of 133 cells with aberrant signal counts.

We also analyzed sections of the biopsies and the
LEEPs of the two CIN3 cases that were not positive for
TERC gain in the LBC samples. The LBC samples of both
of these cases were scored as LSIL. Case 230 had a
CIN3 biopsy and a CIN1 LEEP and case 118 had a CIN1
biopsy and a CIN3 LEEP. The CIN3 biopsy of case 230
showed a small nest of TERC-positive cells while the
CIN1 LEEP turned out to be negative, indicating that the
biopsy very possibly removed the TERC positive CIN3
cells completely. The CIN1 biopsy of case 118 was
TERC-negative, however, the CIN3 LEEP taken 6 months
later showed TERC positive cells (see Figure 6, A–D).

Figure 5. Average number of TERC-positive cells observed in WNL, CIN1,
CIN 2, and CIN3 lesions. Error bars indicate SEM.

Table 2. Sensitivities and Specificities of the Different Tests Detecting WNL and CIN1 Lesions Versus CIN2, CIN3, and Cancer
Lesions and Detecting WNL Versus CIN3 Lesions from a Sample of Women Referred to Colposcopy and Punch
Biopsies Based on a Prior Abnormal Pap Smear Result

WNL and CIN1
versus

CIN2, CIN3 and CA WNL versus CIN3

Sensitivity Specificity Sensitivity Specificity

TERC (cut-off nine and more positive nuclei) 78.7% 83.9% 91.3% 92.9%
MYC (cut-off nine and more positive nuclei) 66.0% 87.1% 82.6% 92.9%
High-risk HPV 97.0% 35.5% 95.7% 35.6%
Low-risk and high-risk HPV 100.0% 19.4% 100.0% 14.3%
p16 68.1% 87.1% 82.6% 85.6%
High-risk HPV � p16 68.1% 87.1% 82.6% 85.6%
HPV-FISH (one and more positive nuclei) 68.2% 42.1% 75.0% 43.3%
HPV-FISH � TERC and/or MYC (four and more double positive nuclei) 27.7% 93.5% 50.0% 91.7%
HPV viral load, Quantovir assay 72.5% 42.9% 78.9% 30.8%
mRNA HPV, NorChip assay 50.0% 78.6% 68.4% 92.3%
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Figure 4A shows ROC curves for discriminating CIN2,
CIN3, and cancer, from lesions diagnosed as WNL and
CIN1. Based on the curve lying closest to the top left
corner of the graph, TERC gain including tetraploidy pro-
vides the best method for distinguishing CIN2, CIN3, and
cancer from WNL and CIN1. Figure 4B shows DFI curves,
and as expected from the ROC curves, TERC gain in-
cluding tetraploidy shows the lowest DFI. The minimum of
this curve indicates the threshold with the best combined
specificity and sensitivity, which in our dataset are 8.6
TERC-positive cells. Based on these analyses, we se-
lected the optimal threshold to determine TERC posi-
tivity as a case with nine and more cells containing
more than two signals of TERC including “tetraploid”
cells and cells with four signals for TERC and four
signals for CEP7. Using this threshold the TERC test
reached a specificity of 83.9% and a sensitivity of
78.7% to distinguish benign and CIN1 lesions from
CIN2, CIN3, and cancer. The specificity and sensitivity
with which WNL could be distinguished from CIN3 was
92.9% and 91.3%, respectively.

Discussion

We have previously demonstrated that a FISH assay for
the visualization of genomic amplification of the human
telomerase RNA gene TERC on chromosome band
3q26.3 can distinguish Pap smears with high-grade cy-
tology from those with normal or low-grade cytology with
high sensitivity and specificity.24 In a second retrospec-
tive study, we have expanded on these results by show-
ing that detection of TERC gain can help stratifying
women with abnormal Pap smears according to the risk
of progression from low-grade lesions to higher-grade
lesions and cancer. In addition, applying the TERC test to
routinely collected Pap smears increased the sensitivity
of cytological screening.11

In the current study, we were able to determine the
presence of TERC-positive cells in LBC samples col-
lected on the same day as the diagnostic biopsy. In
addition, we were able to correlate the TERC-positive
LBC results with follow-up Pap, LEEP, and/or biopsy sam-
ples. By using all available histopathological data from
baseline and follow-up, we were able to enhance the
diagnostic accuracy of our case definition by defining
case status based on the highest grade histology results
observed. For example, combining histology results of
the biopsy and LEEP has the advantage that possible
sampling errors will be reduced, especially as the LEEP
excision often results in larger, more representative ma-
terial. However, having the LEEP excision taken at a later
time point can, in certain cases, mean that the lesion ad-
vanced to a higher degree than it was actually at the LBC
sampling. In contrast, the diagnostic biopsy might have
presented a cure with complete removal of dysplastic cells.

In this study, we also included a MYC probe, a CEP7
probe that served as a control for the ploidy of the cells,
and a probe for the detection of HPV genomes in the FISH

analysis, allowing the evaluation of test performance using
TERC alone and in combination with these markers.

According to these evaluation parameters, TERC pos-
itivity was observed in 7% (one of 14) WNL cases, 24%
(4/17) CIN1, 64% (14/22) CIN2, 91% (21/23) CIN3 le-
sions, and 100% (2/2) carcinomas. Interestingly, the two
TERC-negative cases with CIN3 histopathology (cases
118 and 230, Table 1), had cytological screening results
and histological diagnoses of the biopsy and LEEP that
differed from each other. The LBC cytology of both cases
was assessed as LSIL. Case 118 presented with a CIN1
biopsy and a CIN3 LEEP 6 months later. TERC analysis
on the histological samples showed negativity for the
biopsy and positivity for the LEEP, indicating that the
TERC gain was not present at the time of the LBC sam-
pling, but developed later during the progression from
CIN1 to CIN3 (see Figure 6C, D).

In contrast, case 230 displayed a CIN3 biopsy, while
the subsequent LEEP was diagnosed as a CIN1 lesion.
TERC analysis of these samples showed positivity for the
CIN3 biopsy and negativity for the CIN1 LEEP. This case
might present an example for the scenario that the diag-
nostic biopsy can be curative with complete removal of
all dysplastic cells. This is further supported by the ob-
servation that the area of TERC-positive cells within the
biopsy was very small and contained (see Figure 6A, B).
The small size of the lesion is most likely also the reason
that only very few TERC-positive cells were detected in
the LBC sample (ie, four, which is below the threshold of
more than eight positive cells). Interestingly, the original
referral Pap smear was judged as ASC-H, indicating that
this first cytology sampling possibly yielded a more rep-
resentative material than the sampling for the LBC.
Examples like this one underscore the importance of
representative sampling, but also highlight one of the
recognized limitations of cervical screening.

The hybridization results of the tissue sections of these
two CIN3 cases show that so far we have not observed a
cervical lesion with a histological diagnosis greater than
CIN2 that does not show TERC positivity. There are,
however, TERC-negative lesions diagnosed histologically
as CIN2. This corroborates that CIN3 can be considered
the true endpoint lesion while CIN2 lesions rather present
one link in the continuous progression chain that can be
further stratified by TERC positivity as being associated
with significant risk of becoming a CIN3 lesion with further
progression to invasive disease.

The diagnostic potential of genomic amplification of
TERC as a powerful biomarker is further emphasized by
the following cases: Case 201 had LBC LSIL cytology
with underlying CIN3 histology and was clearly detected
with 51 TERC-positive cells in the LBC sample. Case 204
cytology was recorded as ASC-H, with 25 TERC-positive
cells, but the biopsy result only recorded CIN1. However,
the LEEP histology 1 month later showed a CIN3 lesion.
Case 156 scored normal for cytology, however, we found 20
TERC-positive cells. The biopsy was classified as CIN3, and
a subsequent LEEP excision 2.5 months later revealed a
microinvasive carcinoma. The cytological samples of case
112 were initially assessed as LSIL, which was confirmed in
the biopsy, but the LBC sample was positive for TERC
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amplification. LEEP excision as much as 17 months later
revealed a CIN3. Arguably, it is not possible to establish
whether a sampling error during the biopsy precluded the
detection or, if that is not the case, how soon after the biopsy
sampling the lesion progressed to CIN3. However, this case
shows the full potential of the TERC test, as this patient
could have been treated according to the true severity of
the lesion before further progression.

It is also interesting to mention case 182, which pre-
sented with a HSIL LBC cytology that was strongly pos-
itive for TERC and MYC. However, biopsy, subsequent
LEEP and follow-up Pap smears were all benign. Looking
at the main pattern of aberration, the TERC gene presents
with four copies on a tetraploid background, while the
MYC gene shows a relative gain with five copies. We
have observed in a previous study that cases that were
positive for TERC as a consequence of tetraploidy can
either progress or regress.11 Case 182 seems to be an
example for a case that regressed. Interestingly, the MYC
gene presented a relative gain within the tetraploid nu-
cleus. If this case truly regressed by itself, this would
indicate that relative gains for the MYC gene are less
specific for cervical cancer progression than relative
gains for the TERC gene, which would be consistent with
the fact that gain of chromosome 8q and with it genomic
amplification of the MYC oncogene is rarely observed in
cervical tumorigenesis.

The LBC samples were also analyzed for alternative
disease markers including high-risk and low-risk HPV
types by HPV line blot, HPV viral load by the Quantovir
assay, HPV mRNA expression by nucleic acid sequence-
based amplification assay, and p16 expression using
immunocytochemistry.

When comparing the different assays used in this
study, the line blot HPV test had the best sensitivity,
detecting all CIN2 and CIN3 lesions when including both
low-risk and high-risk HPV infections. These data corrob-
orate that HPV testing is an excellent first screen to iden-
tify women with a higher risk of developing cervical can-
cer. However, as known before and observed also in this
study with a specificity of the line blot test of 19.4%
(low-risk and high-risk HPV) or 35.5% (high-risk HPV
only), HPV testing has only limited power to stratify low-
grade from high-grade disease and can therefore not be
used to efficiently triage patients further. Therefore addi-
tional markers that can triage patients to avoid overtreat-
ment and not to overlook relevant lesions are needed.
Potential triage markers tested in this study are TERC,
MYC, p16, and HPV mRNA expression.

With a specificity of 87.1%, which is slightly better than
the TERC test (83.9%) and the HPV mRNA expression
test (78.7%), p16 and MYC performed well. However,

their sensitivities with 68.1% and 66.0%, respectively, are
more than 10% points lower than the sensitivity of the
TERC test (78.7%). In the stratification between benign
lesions and CIN3 lesions (rather than benign, CIN1, and
CIN2 versus CIN3 and cancer), the TERC test sensitivity
and specificity increased to 91.3% and 92.9%, respec-
tively. The sensitivity of p16 and MYC for that stratification
increased only to 82.6%, which is 10% lower than the
TERC test. HPV mRNA showed a very low sensitivity of
50% for the distinction between benign and CIN1 vs.
CIN2, CIN3, and cancer, and a slightly better sensitivity
of 68.4% for the distinction between benign versus CIN3
lesions. These data show that the TERC test has the best
combined specificity and sensitivity in the panel of mark-
ers tested in this study.

p16 is a cyclin-dependent kinase inhibitor involved in
cell cycle control. Current data suggest that inactivation
of pRB through HPV E7 results in enhanced expression of
p16, which might therefore represent a specific and sen-
sitive biomarker for cells with active expression of HPV
oncogenes.25,26 Several investigators applied p16 as an
immunochemical assay to Pap smears, LBC slides or
histological samples of benign, dysplastic, and cancer-
ous lesions. Klaes et al7 reported that all benign lesions
and all CIN1 lesions associated with low-risk HPV had no
detectable expression of p16, while all CIN2 and CIN3
lesions and all CIN1 lesions with high-risk HPV showed
marked overexpression. Other papers show a less strat-
ified and less sensitive outcome, often observing a few
positive lesions in the normal and CIN1 entities, and
detecting around 70% to 80% of the high-grade le-
sions.27–29 These latter observations are more consistent
with our data that show few positive lesions in the WNL
and CIN1 category, and 55% and 83% positivity for CIN2
and CIN3 lesions, respectively. Interestingly, p16 was not
positive in one of the two cancers in our material. P16-
negative cervical cancers have been previously ob-
served by other investigators, and Masoudi et al30 spec-
ulate that the decrease or negativity in some of the
carcinomas could be due to a loss of expression during
progression, perhaps as a result of a promoter methylation.
Interestingly, they found that p16 negativity in squamous
cell carcinoma was an adverse prognostic marker.

Recently, two other studies applying the TERC FISH
probe as a diagnostic marker on cervical Thinprep sam-
ples were published.22,31 The studies are similar in that
they reduce the amount of technician time required to
evaluate the specimens. Both studies are in agreement
with our data that TERC positivity can detect high-grade
lesions with high sensitivity. However, both studies ob-
serve a rather low specificity of the test, in contrast to our
findings. On careful evaluation, the possible explanation

Figure 6. Histopathology and corresponding FISH images (TERC marker in yellow) of the biopsies and LEEPs of cases 118, 230, 250, and 90. A: Biopsy 230 (CIN3) shows
several nuclei with more than three TERC signals. However, the corresponding LBC sample was below the TERC-positive threshold (see Table 1), possibly because of
sampling error or too few aberrant cells present in the lesion. B: The LEEP 230 taken 1 month later only shows histology grade CIN1 and does not harbor any nuclei
with more than two TERC signals, indicating that the biopsy might have eradicated the TERC positive lesion completely. C: Biopsy 118 (CIN1) does not show any nuclei
with more than two TERC signals, which is in agreement with the result of the LBC sample (Table 1). D: LEEP 118, taken 6 months after the biopsy, was diagnosed as
a CIN3 and showed several nuclei with more than three TERC signals indicating that the TERC gain developed during the progression of the lesion. E: LEEP 250 (CIN3)
showed many nuclei with three and more signals for TERC throughout the epithelium, which is in concordance with the aberrations found in the LBC sample (Table 1).
F: Biopsy 90 (CIN3) also displayed many nuclei with more than three signals for TERC (main pattern five TERC signals), which correlates well with the more severe main
pattern found in the LBC sample (ie, two signals for CEP7, five signals for TERC, two signals for MYC, Table 1).
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for this discrepancy seems to be mostly due to different
evaluation methods. Caraway et al31 applied an auto-
mated evaluation approach based on a commercial im-
aging system (MetaSystems, Waltham, MA) and on an
algorithm similar to the one used for automated evalua-
tion of UroVysion samples.32 The enumeration strategy
included a pre-selection of cells of interest based on
nuclear size and shape. They also drastically reduced
the number of evaluated nuclei to only the 25 most atyp-
ical nuclei per slide. In this approach, the threshold was
put to two and more cells with more than two TERC
signals and all cytological HSIL lesions were detected
(100% sensitivity), which equals our results. However,
due to the low threshold, also 70% of the LSIL lesions
were scored as positive. Another drawback of this
method is that TERC aberrations do not always happen in
the largest and most irregular nuclei, but do present in
morphologically unsuspicious nuclei.11

Sokolova et al22 used a combined evaluation ap-
proach of TERC and/or MYC positivity within HPV-
FISH�positive cells with a threshold of four and more
double-positive cells. By this method, the specimen is
scanned for HPV-stained cells and only those cells are
enumerated. In the absence of HPV staining a represen-
tative number of cells are enumerated. The immediate
drawback that the authors experienced with this ap-
proach is that not all TERC-positive cells show HPV-FISH
positivity, partly because of sensitivity issues of the HPV-
FISH test, and partly because of the possibility that cells
that have acquired chromosomal aneuploidies can be-
come negative for HPV. The authors mention that two of
their high-grade lesions show a substantial number of
TERC-positive cells, but cannot be scored positively, due
to the fact that these cells are not positive for HPV-FISH,
which compromises the sensitivity of the TERC test to a
certain degree. Notably, also the specificity of their study
is much lower than in our study. Again, it is very likely that
the combined evaluation of HPV and TERC and MYC data
within the same cell is responsible for this decrease in
specificity. Most LSIL lesions are HPV positive, which is
the reason why HPV testing has a very low specificity. If
one combines HPV positivity with a relatively low thresh-
old for TERC-positive cells (four cells and more), the
stratification power of the TERC test will be diminished. If
we were to apply a threshold of four or more TERC and/or
MYC-positive cells (irrespective of HPV-FISH) to our data-
set, we would achieve very similar specificity values as
Sokolova et al, 22 ie, 53% (compared with 56%) for CIN1
lesions while increasing the sensitivity to 96% (compared
with 86%). This could be interpreted as evidence that
HPV-FISH does not contribute specificity to the TERC data
while reducing sensitivity, although this approach may per-
mit a more rapid means of specimen evaluation that would
be beneficial in a routine screening application.

In summary, our data show that the TERC test is the most
sensitive and specific test for the stratification of benign and
low-grade cervical lesions from high-grade lesions and can-
cer when compared with other tests used for stratification. It
also becomes clearly evident that the evaluation method
used for genetic FISH markers like the TERC test needs to
be adapted to the clinical samples analyzed. As screening

entire LBC slides for FISH markers is tedious and time-
consuming, alternative approaches, such as the two ap-
proaches referred to above, should be tested. While it
would be desirable to combine FISH markers with tests
more easily amenable to a high throughput format, our
study shows that such combinations often diluted the per-
formance of detecting genomic amplification of TERC as a
powerful biomarker for disease progression. These results
are supported by a large body of literature demonstrating
the central role of this specific aneuploidy for cervical
tumorigenesis.9–11,22,24,31,33–41

HPV testing is increasingly used as a screening
method, either alone or in conjunction with Pap smear
testing and its high sensitivity and its ease and reproduc-
ibility of analysis makes it a very attractive first screen.6

However, especially in younger women, HPV infections are
often transient and overtreatment of these women is a
serious problem. Our study showed that TERC is a
powerful marker to discern histologically confirmed
low-grade from high-grade cervical disease. In the
future, one could envision a screening strategy in
which HPV-positive Pap smears are triaged with the
help of the TERC marker that would contribute to a
more evidence-based individualized clinical manage-
ment. This strategy is supported through biological
causality, because both HPV and gain of 3q act in
concert in disease initiation and progression.
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